Abstract In this study, an integrative approach to produce biohydrogen (H 2 ) and polyhydroxyalkanoates (PHA) from the wastes of biological origin was investigated. A defined set of mixed cultures was used for hydrolysis and the hydrolysates were used to produce H 2 . The effluent from H 2 production stage was used for PHA production. Under batch culture, a maximum of 62 l H 2 /kg of pure potato peels (Total solid, TS 2 %, w/v) and 54 l H 2 /kg of mixed biowastes (MBW1) was recorded. Using effluent from the H 2 production stage of biowaste mixture (MBW1), Bacillus cereus EGU43 could produce 195 mg PHA/l and 15.6 % (w/w). Further, supplementation of GM-2 medium (0.19) and glucose (0.5 %) in H 2 production stage effluents, resulted in significant improvements of up to 11 and 41.7 % of PHA contents, respectively. An improvement of 3.9-and 17-fold in PHA yields as compared to with and without integrative H 2 production from the MBW1 has been recorded. This integrative approach seems to be a suitable process to improve the yields of H 2 and PHA by mixing biowastes.
Introduction
Replacement of non-renewable fossil fuel with biofuels and non-degradable plastics with bioplastics (polyhydroxyalkanoates-PHA) has gained major attention due to serious global environmental impact, recently [1] [2] [3] [4] [5] [6] [7] [8] . In addition, our primary dependence on fossil fuel is un-sustainable, due to rapidly depleting reserves. Therefore, vigorous research initiatives were conducted worldwide to replace them by developing alternative renewable energy resources and PHA [1, 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Hydrogen (H 2 ) has been considered as a future fuel for over 3 decades due to its eco-friendly nature that can be instrumental in the global economy of the twenty first century. Biological H 2 and PHA production seems to be a promising approach for developing sustainable processes [1, 2, 10, [18] [19] [20] [21] [22] [23] [24] [25] . These bioproducts are produced by the diverse type of microbial strains, including Bacillus and Enterobacter under darkfermentative and aerobic conditions [14, 26] . Physiological screening of H 2 and PHA producers requires significant efforts [24] , and comparative genomics contributed a new approach to identify newer producers [27, 28] . Generally, pure sugars have been widely employed for the production of H 2 and PHA [1, 5] . Thus, utilization of biowastes originating from agricultural, food processing and other industrial sources could be a potential low cost feed. However, due to their complex nature, biowastes need to be pre-hydrolyzed before using them for producing H 2 and PHA [3, 6] . Various pre-treatment methods for the hydrolysis have been proposed [19] . Biological pre-treatment of biowastes seems to be a promising approach [3, 6, 11, 25, 29, 30] . In general, individual microorganism has limited ability to utilize the diverse kind of substrates present in the biowaste, which may lead to low or poor process efficiency. On the other hand, the exploitation of the defined mixed microbial culture could provide significant advantages over monocultures and undefined enriched cultures [1, 6] .
Previous studies had suggested that integrating of H 2 and PHA production processes hold promise for the future [3, 7, [31] [32] [33] . However, the complex nature of mixed biowastes is likely to result in the significant variation during the overall process of H 2 and PHA [2, 6, 29] . In this study, an integrative approach was employed to improve H 2 and PHA production from pre-hydrolyzed biowastes by defined hydrolytic mixed culture (MHC2).
Materials and Methods

Organisms and Growth Conditions
Mixture of defined bacterial strains, previously designated as MHC2, was used for hydrolysis of biowaste. MHC2 consisted of Bacillus sphaericus EGU542; Bacillus thuringiensis EGU378; Bacillus sp. strains EGU85, EGU367 and EGU447; and Proteus mirabilis EGU30, Defined mixed culture designated as MMC4 was used for H 2 production. MMC4 was composed of Enterobacter aerogenes EGU16; Proteus mirabilis EGU21; Bacillus cereus EGU43; Bacillus thuringiensis EGU45; Bacillus pumilus HPC464; and Bacillus sp. HPC459. For PHA production, B. cereus EGU43 was used. These strains have been used in previous studies [3, 15, 29] . Bacterial strains were grown in HiMedia nutrient broth (13 g/l) at 37°C at 200 rpm for 16-20 h. Actively growing cells were centrifuged at 56009g for 20 min and their protein content was estimated using Lowry's method [29] . The mixed cultures of defined bacteria were prepared for inocula using equal proportions to achieve a final protein concentration of 10 lg/ml as described previously [29] .
Preparation of Mixed Biowaste and Hydrolysis
Eleven vegetable biowastes were collected from municipal market of Delhi (India). Each biowaste was washed and cut into small pieces (0.25 cm). These pieces were used within 1 h of their collection. Eleven mixed biowaste combinations (MBW1-MBW11) were based on the Plackett Burman design as described earlier [18] . Each combination consisted of 6 different vegetable wastes. For batch-culture digestion, a final concentration of 2 % total solids (TS) was used. Unsterilized slurry (250 ml) was prepared with distilled water in 300 ml bottles. The slurry was inoculated with MHC2 and the mixture was incubated at 37°C for a period of 2 days as described earlier [29] .
Hydrogen Production
For batch-culture digestions, 250 ml of hydrolytic slurries on individual waste basis as well as mixed biowastes were inoculated with MMC4 and the pH of the slurry was adjusted to 7.0 as previously described [29] . Bottles were flushed with argon and incubated at 37°C. The pH of the solution was checked by opening the bottle and adjusted to 7.0 with 2 N NaOH or 2 N HCl on a daily basis. The evolved gases were collected by water displacement method [18] . Since, certain bacteria, which may accompany the biowaste as contaminants, their contribution towards H 2 production was evaluated to be 5-15 ml from 250 ml mixed biowaste (2 %, TS). Further, influence of TS on the H 2 production was evaluated using MBW1 containing about 1, 2, 3, 5 and 7 % of TS as a feed.
PHA Production
Samples (200 ml) of biowastes (individual or mixed at 2 %, TS: (1) hydrolysate produced by MHC2, and (2) effluent generated after H 2 production were centrifuged and used as a feed for PHA production [29] . The pH of biowaste was adjusted to 7.2 and inoculated with B. cereus EGU43 at the rate of 10 lg cell protein/ml for producing PHA [29] . Further, supplementation of effluents from H 2 production stage was done with: (1) medium GM-2(0.19), and (2) glucose (0.5 %), to evaluate their influence on PHA yields.
Analytical Methods
Gas Analysis
The evolved biogas was analyzed by Gas Chromatographer (Nucon GC5765, India) fitted with a thermal conductivity detector. The carrier gas (Argon) was flown at a rate of 30 ml/min. Gas collection and analyses were done daily and H 2 component calculated as described previously [26] .
Volatile Fatty Acids Analysis 1.5 ml of liquid samples of effluents after H 2 production from individual or mixed biowaste hydrolysates were centrifuged for 20 min at 10,000 rpm, 4°C and filtered through a filter paper (0.45 lm). Volatile fatty acids (VFA) were analyzed by gas liquid chromatography (Nucon GC5765) using flame ionization detector [29] .
PHA Analysis
200 ml aliquots of bacterial culture were used for the analysis of dry cell mass (DCM) and PHA production as described previously [3] . PHA was also analyzed with GC-FID fitted with 10 % Reoplex 400 column. Gravimetric estimation of the produced PHA yield was performed by extraction of the polymer using chloroform and methanol as described previously [34] .
TS Analysis
The TS of the vegetables biowaste was estimated by heating a sample at 110°C for 24 h Table S1 [29] .
Results
H 2 Production from Biowaste
With Mixed Bacterial Cultures: MHC2 and MMC4
With mixed hydrolytic bacterial culture (MHC2), the observed H 2 evolution varied from 20 to 160 ml from 250 ml feed of different biowastes, over 4 days of incubation. H 2 constituted 20-51 % of the total biogas produced and the yields were equivalent to 4-32 l H 2 /kg of TS feed (Table 1) . Among these different biowastes, potato peels resulted in maximum H 2 yields of 32 l/kg TS fed, whereas turnip resulted in lowest yields of 4 l/kg of TS fed. With a mixture of H 2 -producing bacteria (MMC4) H 2 evolution was observed to be in the range of 25-185 ml from the different biowastes, equivalent to H 2 yield of 5-37 l/kg TS fed (Table 1) . Here, MMC4 was observed to perform better than hydrolytic cultures (MHC2).
With combination of mixed bacterial cultures: MHC2 and MMC4
A beneficial effect on enhancing H 2 yields was observed by treating pea-shell slurry with hydrolytic and H 2 producing mixed cultures [29] . All the wastes, when subjected to MHC2 for 2 days and subsequently to MMC4 were found to evolve 30-310 ml of H 2 /250 ml of feed. It constituted 40-60 % of the total biogas evolved (Table 1) . Among these different biowastes, potato peels proved to be the most effective, with a maximum H 2 yield of 62 l/kg TS fed. The combinations of MHC2 and MMC4 resulted in up to twofold improvement in H 2 yields, in comparison to either of them on an individual basis.
H 2 Production from mixed biowastes
Different combinations of biowastes based on PlacketBurmann design proved helpful in improving the H 2 production [18] . Here, H 2 production from 11 different biowaste combinations designated as MBW1 to MBW11 are presented in Table 2 . On the basis of the individual potential of wastes to produce H 2 , we can expect to generate 90-165 ml of H 2 from 250 ml of 2 % TS slurry. It can be observed that H 2 production by MMC4 from mixed biowastes were higher than their expected values. These H 2 yields varied from 80 to 270 ml. It indicates that in certain combinations mixed wastes provide better feed to bacteria. The H 2 yields were observed in the ranges of 16-54 l/kg TS fed. Combination MBW1 proved to be the most c l/kg TS fed effective (54 l/kg TS fed), with 1.6-fold improvement over expected value and H 2 content of 54 %. H 2 production results with MMC4 from pre-hydrolysed MBW1 (TS in the range of 1-7 %) are presented in Fig. 1 . H 2 evolution varied in the ranges of 110-450 ml. Here, H 2 constituted 43.8-60.4 % of total biogas produced. It was observed that volumetric H 2 production has increased with increase in TS fed from 1 to 7 %. The high H 2 yield of 54 l/kg TS was obtained with 2 % TS of MBW1. The H 2 yields were negatively influenced by higher TS % feed.
PHA Production
Biowastes PHA production by B. cereus EGU43 from biowaste hydrolyzed with MHC-2 is presented in Table 3 . Growth on the different biowastes were observed in the ranges of 570-880 mg DCM/l. Here, PHA production was in the ranges of 8-17 mg/l with contents in the range of 1.1-2.1 %. Although, PHA production was not observed by B. cereus EGU43 in case of individual biowaste of capsicum, carrot and eggplant hydrolysate. However, this study demonstrated that PHA can be produced from the different biowastes. Potato and tomato wastes turned out to better feeds for PHA production.
Mixed Biowastes
PHA production from the mixed biowaste MBW1-MBW11 hydrolysed with MHC2 by B. cereus EGU 43 is presented in the Table 4 . The growth of B. cereus EGU43 was significantly improved than the individual biowastes. The DCM was observed in the ranges of 825-1030 mg/l. Here, PHA production was in the ranges of 14-45 mg/l of DCM with its contents in the ranges of 1-7-4.4 %. Interestingly, the PHA contents improved up to fourfold from the mixed biowaste as compared to the individual wastes. (Fig. 2) . These metabolites acetate, propionate and butyrate were in the ranges of- (1) 540-1480, 120-205 and 365-840 mg/l, and (2) 510-1220, 70-180 and 290-715 mg/l, respectively. Here, high contents PHA in MBW1 can be explained with higher concentrations of these metabolites intermediates. The direct utilization of the biowaste hydrolysate is not suitable for the high PHA yields and suitable complementation of these wastes can lead slightly higher PHA production than the individual biowastes. Therefore, integrative approach of H 2 and PHA production in two stage system proved to be more beneficial.
In our previous study, we had observed that supplementation of the medium (GM-2) and glucose is a suitable approach to improve the PHB contents in the B. cereus from hydrolysate [29] , or effluents of H 2 production from PSS [3] . Here, the supplementation of medium GM-2 (0.19) and glucose (0.5 %) were evaluated with the MBW1 on effluent from H 2 production stage. Supplementation of hydrolysate with GM-2 (0.19) resulted in the Values are based on three sets of experiments. Standard deviation was less than 10 % a Total volume of feed in equal ratio: 200 ml (2 %, TS) hydrolysed with MHC2 (2 days) Table 2 c Dry cell mass d mg/l Indian J Microbiol (July-Sept 2016) 56(3):293-300 297 improvement of PHA contents from 15.6 to 19.5 % with slightly higher growth than controls (Fig. 3) . Further, supplementation of medium with glucose (0.5 %) resulted in significant improvement in the PHA production. Here, PHA contents increased from 15.6 to 41.7 % of DCM. Overall, PHA yield improved from 45 to 765 mg/l after integration with H 2 production stage effluents.
Discussion
Phylogenetically diverse groups of the organisms are well reported for the H 2 and PHA production from pure sugars and biowaste as feed [3, 23, 24, 26, 29, 30, 35] . Recently, a few reports have shown the alternative strategy of integrating H 2 with PHA production [3, 7, [31] [32] [33] . Previously, we had developed an integrative approach of H 2 and PHB production from the defined cultures of Bacillus spp.-B. cereus and B. thuringinesis using glucose and biowaste PSS as feed [3, 20, 35] . Nutritional balance of C:N ratio and metabolites intermediates need to be manipulated for the enhancement of PHB production at the second stage. PS slurry has resulted in only production of PHB. Further, to explore the feasibility of different co-polymers production, mixed biowaste combinations were found suitable as alternative initial feed. Here, we have investigated the H 2 and PHA production potential of the individual and defined mixed biowastes. Among individual biowaste, potato peels resulted in the maximum H 2 yields of 62 l/kg of TS feed by combinations of hydrolytic (MHC2) and H 2 producers (MMC4.) This value is significantly higher than the individual mixed cultures with H 2 yields of 29 and 37 l/kg of TS feed, respectively. Fermentation of hydrolysed (MHC2) biowaste by B. cereus EGU43 resulted in quite varied in PHA yields. These variations might be primarily due to the balanced C:N components in their hydrolysate. With potato peels, maximum PHA yield of 17 mg/l. Generally, available biowastes get mixed during disposal. To overcome this problem in addition to low yields of H 2 and PHA, we have evaluated the potential of defined mixed biowastes for improvement in H 2 and PHA production. In comparison with biowastes, defined composition of mixed biowastes are more efficient for the H 2 and PHA production. Here, maximum H 2 production was observed up to 1.8-fold higher the expected values with their individual combinations in each mixed biowastes (MBW1-MBW11). The H 2 production by MMC4 from MBW1 is quite efficient at higher TS feed up to 7 %. On the other hand, PHA production was also improved up to 2.6-fold with mixed biowaste (MBW1). Interestingly, all combinations (MBW1-MBW11) lead to PHA production, whereas individual biowaste capsicum, carrot and eggplant did not result in PHA production by B. cereus EGU43. Further, Fig. 2 Volatile fatty acids profile after hydrogen production by mixed microbial culture (MMC4) from a individual and b mixed biowastes pretreated with mixed hydrolytic culture (MHC2) Fig. 3 Effect of medium and glucose supplementation on polyhydroxyalkanoate production by Bacillus cereus EGU43 from the effluent of mixed biowate (MBW1) of hydrogen production stage PHA yields were increased up to 4.9-fold using the H 2 production effluents MBWs. Many reports suggested that the high ratio of C:N is required to achieve high PHA production from either pure sugars or biowaste material [20, 29, 34] . After the supplementation of medium GM-2 (0.19) and glucose (0.5 %), overall PHA yields up to 17-folds in integrative H 2 and PHA process were observed than the single stage of PHA production. This PHA content of 41.7 % of DCM is significantly higher than the previous report on oil mill and synthetic medium wastewater with PHA contents of 8.9 and 25 % in integrative H 2 and PHA production processes, respectively [31, 32] . These results suggest that more feasibility of utilization of mixed biowastes in suitable combinations for the production of integrative H 2 and co-polymers of PHA. This PHA content by B. cereus EGU43 is quite similar with PHA contents of 43.3 % of DCM by B. cereus from Taihu blue algae as feed in the integrative process [33] . Bacillus has abilities to utilize the different waste materials for H 2 and PHA production [3, 18, 22-24, 29, 35] . Bacillus also has the unique ability to produce PHA under non-limiting physioloigcal conditions [24] . Although, very few reports are available on H 2 production with unsterilized biowastes as feed [3, 29, 36] . Here, the high compatibility for efficient hydrolysis and H 2 production by these strains under unsterilized conditions from biowaste suggests that a cost effective integrative approach of H 2 and PHA production is feasible.
